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Introduction
The internal exchange energy in ferromagnets is usually signiﬁcantly larger than the condensation energy of conventional superconductivity.
Consequently, strong exchange ﬁelds destroy singlet Cooper pairs via the paramagnetic and orbital effects, making the coexistence of ferromagnetism and
superconductivity a very rare phenomenon.
In this work we explore the interplay at nanoscale between superconductivity and emerging magnetism in EuFe2(As0.79P0.21)2, by low temperature
Magnetic Force Microscopy (MFM) . Single crystals of EuFe2(As0.79P0.21)2 were grown using a self-ﬂux method. The global magnetic response of the system
(Fig.1C) witnesses the superconductivity and the ferromagnetism to establish at the expected temperatures TFM ≈ 19 K < Tc ≈ 24 K.

Coexistence of superconductivity and
ferromagnetism in EuFe2(As0.79P0.21)2
Local MFM maps presented in Fig.1D-F summarize our discovery. The maps were
acquired at the same 8 µm×8 µm region of the sample while cooling it in zero
applied magnetic ﬁeld. These maps are representative of the three temperature
regions of the explored phase diagram, respectively TFM≤T<Tc, T≤TFM<Tc, and
T<TFM<Tc. Above FM transition the Meissner state in Fig.1D is homogeneous, as
expected for a conventional superconductor. Below TFM the Meissner state
becomes spontaneously striped (Fig.1E), characterized by the domain width
l=100−200 nm (inset in Fig.1E). This domain Meissner state (DMS) lasts in a
narrow temperature region ∼1 K just below TFM. At temperatures below 17 K, a
new phase - a domain vortex-antivortex state (DVS) - is observed (Fig.1F). It is
characterized by large domain widths l ∼ 350 nm (inset in Fig.1F) and by up to 40
times stronger magnetic contrast. The ﬁrst-order phase transition from DMS to
DVS is rather complex. It is accompanied by a spontaneous vortex-antivortex (VAV) generation at FM domain walls, ﬁlling of oppositely polarized FM domains
with vortex and antivortex networks, and subsequent transformation of linear
narrow DMS domains into enlarged interpenetrating DVS pattern. We studied
this phase transition in details both experimentally and theoretically, but also
explored the DVS phase down to 5 K, where the FM subsystem strongly
dominates the total response.

Fig.1 A, atomic structure of the material. B, phase diagram of EuFe2(As1−xPx)2 as a
function of P/As substitution. C, zero magnetic ﬁeld cooled (red line) and 10 Oe ﬁeld
cooled (green line) magnetization curves. D, E, F, local magnetic MFM in zero-magnetic
ﬁeld. G, H, I, schematic views (not to scale) of the three discovered phases shown in D, E,
F. White arrows in G depict the vortex currents; white and black arrows in H - Meissner
currents inside the Meissner domains

Spontaneous vortex-antivortex generation
and domain structure evolution at domain
Meissner state (DMS) to domain vortex state
(DVS) transition
In this section transition from DMS to DVS is described in more details. In Fig. 2 AK, local magnetic MFM maps acquired in a narrow temperature window ΔT ≈0.6 K
from T =17.86 K (A) to T = 17.25 K (K) in the same sample area 8 µm× 8 µm as in
Fig.1d-f. Pinned Abrikosov vortices are marked with dashed circles. Yellow arrows
point to speciﬁc locations (Y-shape dislocations of the domain structure, trapped
Abrikosov vortices, newly nucleated A-V pairs, etc.) that work as nucleation sites
for vortex-antivortex pairs; the latter are surrounded by yellow circles in the
following maps (see explanation in the main text). Already existing and growing
vortex-antivortex clusters are marked by white ellipses. In I, J, K, DMS and DVS coexist. L, a map acquired at T =16.53 K already resembles the low temperature DVS
of Fig.1f. M, N, O are zooms on the upper region of the maps A, B, C, showing
single vortex-antivortex pair nucleation at a ’Y’-dislocation. P, once created, vortex
and antivortex separate and serve as secondary nucleation centers for other V-A
pairs.
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